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SECTION I 
INTRODUCTION 
Th i s  document p resen ts  the r e s u l t s  o f  a  research program on the me tabo l i c  
e f f e c t s  o f  long-du r a t  ion exe rc i se  accompl ished by Ga r re t t /A  iResearch f o r  t h e  
Manned Spacecra f t  Center, Na t i ona l  Aeronau t i cs  and Space Admi n  i s t  r a t  ion, u n d e r  
c o n t r a c t  NAS 9-10994.  Spec i f  i c a l  ly ,  t h i s  document descr ibes  the sub jec ts ,  
methods, procedures, apparatus,  data, and conc l  us ions drawn f rom a  s e r i e s  o f  
exper iments  i n  which the d u r a t i o n  o f  the  r e s t  break i n  each hour, the w a t e r  
intake, the amount o f  sleep, and the o v e r a l l  d u r a t i o n  o f  exe rc i se  were v a r i e d .  
The c o n t r a c t  mon i t o r  f o r  t h i s  program was M r .  Ed Michel ,  Chie f ,  B i o -  
medica l  Labora to r ies  D i v i s i o n ,  NASA MSC.  
The p r i n c i p a l  e x e r c i s e  mode was an 8 -h r  walk  on a  l e v e l  su r f ace  a t  a 
v e l o c i t y  o f  3.2 mph, which rough ly  corresponds t o  an energy expend i tu re  o f  
1000 Btu /h r .  
Ba lke t e s t s  conducted t o  p rov i de  exe rc i se  c o r r e l a t i v e  and p h y s i c a l  
f i t n e s s  i n f o r m a t i o n  inc luded  p re -  and post -exper iment  t e s t s  and two se ts  
o f  t e s t s  u t i  1 i z i n g  a  b i c y c l e  ergometer.  The Bal  ke t e s t s  were conducted by 
the Performance Phys io logy  Laboratory,  Univers  i t y  o f  Cal i f o r n  ia, Los Ange les .  
The main exper iment  was conducted i n  the L i f e  Sciences Laboratory  a t  G a r r e t t /  
A i Resea rch.  
SECTION 2  
TEST F A C I  LITY 
The long-dura t  i on  wa l k i ng  e x e r c i s e  t e s t  was performed i n  the G a r r e t t /  
AiResearch L i f e  Sciences Laboratory  l oca ted  i n  E l  Segundo, Cal i f o r n i a .  
The t e s t  apparatus cons i s t ed  o f  two 26- in-wide t r e a d m i l l s  hav ing  
smooth, f l a t  wa l k i ng  su r faces  o f  rubber i zed  f a b r i c .  One t r e a d m i l l  p r o v i d e d  
a  61 - i n . - l ong  wa l k i ng  sur face,  the o t h e r  a  45- in . - long  w a l k i n g  su r face .  Each 
treadmi 1 1  was l e v e l  ( ze ro  grade), and had a  v a r i a b l e  speed c o n t r o l  t h a t  was 
a d j u s t e d  f o r  a  w a l k i n g  speed o f  3.2 mph. 
The t r e a d m i l l  speed was measured by a  p h o t o e l e c t r i c  sensor mounted above 
the treadrni 11 su r face .  The c i rcumference  o f  each treadmi 1 1  be1 t was marked 
by e q u a l l y  spaced l i n e s  o f  w h i t e  r e f l e c t i v e  pa in t ,  as shown i n  F i gu re  2-8. 
The p h o t o e l e c t r i c  c i  r c u i  t was t r i g g e r e d  by r e f l e c t  ions f rom the w h i t e  m a r k s .  
Each pu l se  ( t h e  s i g n a l  f rom a  marker)  was counted e l e c t r o n i c a l l y ,  p r o v i d i n g  
a measure o f  the speed o f  the b e l t .  
F i  gure 2-1. Photograph o f  Treadmi 1 1  Showing 
Locat ion o f  Photoe lec t r i  c  Sensor 
SECTION 3  
TEST PROGRAM 
The exper imenta l  des ign  i s  d i sp l ayed  i n  Table  3-1. Th i s  tab le ,  wh ich  
shows the t e s t  sequence, con ta i ns  a  d e s c r i p t i o n  o f  the t e s t  c o n d i t i o n s  and 
d e f i n e s  the  independent v a r i a b l e s  o f  amount o f  sleep, r e s t  b reak  per iod,  
t o t a l  te 's t  pe r iod ,  and wate r  i n t ake  mode. Table  3-2 p rov ides  a  d e s c r i p t i o n  
o f  these t e s t  c o n d i t i o n s  i n  terms o f  t e s t  number ( t e s t  sequence) and de f i nes  
the  l i n kages  between Tests  3  and 4 and Tes ts  5 and 6. Tes t  4 was conducted 
a f t e r  Test  3  w i t h  a  17-hr nonexerc ise p e r i o d  between the two t e s t s .  S i m i l a r l y ,  
Tes t  6 was conducted a f t e r  Tes t  5 w i t h  a  17-hr nonexerc jse p e r i o d  i n t e r ven ing .  
One t e s t  p r o f i l e  i nvo l ved  w a l k i n g  f o r  8 h r  w i t h  no r e s t  pe r i ods .  A 
second t e s t  p r o f i l e  i nvo l ved  wa l k i ng  f o r  8 h r  w i t h  5 min r e s t  each hour. A 
t h i r d  t e s t  p r o f i l e ,  used f o r  6 tes ts ,  p rov i ded  10 min  r e s t  each hour.  The 
requi rement  f o r  10 min r e s t  pe r  h r  was f u l f i l l e d  by two 5-min pe r i ods  spaced 
a t  1/2-hr i n t e r v a l s .  










































































































































































































































































































SECTION 4  
TEST SUBJECTS 
TEST SUBJECT SE LECTION 
ion as  A 1  1 p rospec t ive  s u b j e c t s  were given a  thorough medical examinat" 
well a s  a  personal interview.  The interview included a  v i s i t  t o  the t e s t  
f a c i l i t y  and a  d e t a i l e d  d e s c r i p t i o n  of the s e v e r i t y  of the t e s t .  Those sub- 
j e c t s  who expressed a  des i re t o  undertake the t e s t  were s e n t  t o  the P e s f o r -  
mance Physiological  Laboratory located on the Los Angeles Campus of the 
Univers i ty  of Ca l i fo rn i a  t o  receive t h e i r  modified Balke t e s t s .  The da ta  
obtained from these  t e s t s  were analyzed by Dr. Gerald Gardner, an a s s o c i a t e  
professor  of physical educat ion.  Subject  f i t n e s s  was an unexpected hindrance. 
A 1  though the s e l e c t  ion c r i t e r i a  accounted f o r  the usual parameters--med ica l 
( p h y s i c a l  examination),  physiological  (modified Balke t e s t ) ,  and emotional 
(personal  interview)--  a  t o t a l  of 10 s u b j e c t s  withdrew from the program 
because of var ious  physical  and emotional reasons. The 10 s u b j e c t s  who 
completed the  program were judged t o  be i n  acceptab le  physical condi t ion  
(a1 1 s u b j e c t s  r egu la r ly  p a r t i c i p a t e d  i n  some type of a t h l e t i c  a c t i v i t y ) ,  
I t  should be noted t h a t  the 10 s u b j e c t s  who could not o r  would not complete t h e  
program were a l s o  judged t o  be phys i ca l ly  f i t .  The anthropomorphic charac-  
t e r i s t i c s  of these 10 s u b j e c t s  a r e  displayed i n  Table 4-1. 
TRAINING PROGRAM 
Each s u b j e c t  completed 4  hr  of p r e t e s t  t r a i n i n g  ( t readmi l  l speed was 
s e t  a t  3 . 2  m p h )  one day a  week f o r  th ree  consecut ive weeks. Clothing f o r  
these  periods of t r a i n i n g  cons i s t ed  of underwear ( T - s h i r t  and pan t s )  and a 
white  c o v e r a l l .  Each sub jec t  was a1 lowed t o  choose h i s  own footwear, and 
the unanimous choice was l e a t h e r  t enn i s  shoes.  
PHYSICAL CONDITIONING 
The pre-  and p o s t - t e s t  anthropomorph ic and f i t n e s s  da ta  f o r  the s u b j e c t  
populat ion a r e  presented i n  Tables 4-1, 4-2, and 4-3 .  Although the means 
(X) of a1 1 the parameters changed s l  igh t ly ,  none of the d i f f e r ences  (6) was 
judged t o  be s u b j e c t i v e l y  s i g n i f i c a n t .  Dr. Gardner concluded t h a t  physical 
condi t ion ing  during the t e s t i n g  was nonexis ten t ,  and the re fo re  the da ta  a r e  
not biased b y  t h i s  f a c t o r .  
PRE-,POST-TEST ANTHROPOMETRIC DATA ON 
T E N  A I R E S E A R C H  SUBJECTS 
TABLE 4-2 
HEART RATE AND 
PRE-,POST-TEST OXYGEN CONSUMPTION DATA 
ON TEN AIRESEARCH SUBJECTS 
TABLE 4-3 
PRE-,POST-TEST RESPIRATORY MEASUREMENTS ON 
TEN AIRESEARCH SUBJECTS 
SECTION 5 
TEST AND MEASUREMENTS INSTRUMENTATION 
INDEPENDENT VARIABLES 
Test  f a c i l i t y  ambient and su r f ace  temperatures were measured and recorded 
throughout  t h e  t e s t  pe r iod .  These da ta  a re  p resen ted  i n  Appendix A f o r  re ference,  
Test  f a c i l i t y  w ind  v e l o c i t y  was a l s o  measured d u r i n g  t e s t i n g .  These data a re  
p resen ted  i n  Appendix B. 
DEPENDENT VARIABLES 
Test Parameters 
The f o l l o w i n g  p h y s i o l o g i c a l  parameters were measured d i r e c t l y :  r e c t a l  
temperature,  e lec t rocard iogram,  hea r t  ra te ,  resp i r a t o r y  frequency, ambient 
temperature,  ambient pressure,and ambient dew p o i n t .  Metabol i c ra te ,  m i  nu t e  
volume, oxygen consumption, and carbon d i o x i d e  p r o d u c t i o n  were no t  d i r e c t l y  
recorded parameters, bu t  depended upon c e r t a i n  assumptions and were c a l c u l a t e d  
from a d d i t i o n a l  measurements. These parameters were c a l c u l a t e d  f rom data ob- 
k a i  ned f rom a paramagnet ic oxygen ana l yze r  FI , F , an i n f r a r e d  carbon 
O 2  
d i o x i d e  ana l yze r  FI 7 F  , and a r esp i  rometer 
C02 
(ATP)) that  
ins t rumented f o r  t h e  measurement o f  temperature and dew p o i n t .  Dur ing  t h e  p re -  
l i m i n a r y  phases o f  t e s t i n g  t h e  s a t u r a t i o n  o f  t h e  gas i n  t h e  resp i romete r  was 
determined. Measurements showed t h a t  under t h e  c o n d i t i o n s  o f  these t e s t s  t h e  
e x p i r a t o r y  gas c o u l d  be cons idered  t o  be s a t u r a t e d ;  t he re fo re ,  P H20 ( s a t u r a t e d )  
was used i n  t h e  equa t ions  f o r  t h e  c a l c u l a t i o n s  o f  gas volume. 
I n s t r u m e n t a t i o n  o f  Test Sub iec t  
The d a i l y  i ns t r umen ta t i on  o f  each s u b j e c t  was c a r e f u l l y  accomplished by 
AiResearch personnel  who were w e l l  q u a l i f i e d  t o  pe r f o rm  t h i s  impor tan t  task,  
Hear t  r a t e  was ob ta i ned  f rom t h e  EKG s i gna l ,  and body temperature was recorded 
f r om a r e c t a l  probe i n s e r t e d  approx imate ly  10 cm pas t  t h e  anal  sph inc te r .  
Resp i r a to r y  r a t e  was mon i to red  by f requency c i r c u i t s  l oca ted  on t h e  resp i ram- 
e t e r  t h a t  was used t o  measure the  exhaled gas volume. . Metabol i c  r a tes  (oxyqen 
consumption, carbon d i o x i d e  p roduc t ion ,  and minu te  volume) were c a l c u l a t e d  frorc 
t h e  p r ima ry  r e s p i r a t o r y  parameters measured i n  t h e  open s p i r o m e t r i c  c i r c u i t ,  
Measurements and Data Record inq  
I .  Me tabo l i c  Rate Measurement 
Me tabo l i c  r a t e s  were measured by i n d i r e c t  c a l o r i m e t r y .  The techn ique  
u t i l i z e d  a  s tandard  2-way b r e a t h i n g  valve,  a  resp i rometer ,  a gas ana lyzer  
system, and temperature,  pressure,  and h u m i d i t y  sensors. F i g u r e  5-1 shows a 
schematic o f  t h e  me tabo l i c  and p h y s i o l o g i c  da ta  system. 
Dead space o f  t h e  2-way b r e a t h i n g  v a l v e  measured approx imate ly  35 cc, 
The r e s i s t a n c e  t o  t h e  f l o w  o f  a tmospher ic  gas th rough  t h i s  v a l v e  and t h e  6 - f t  
l eng th  o f  hose t h a t  connected i t  w i t h  t h e  resp i romete r  was approx imate ly  equal 
t o  t h a t  o f  t h e  C o l l  i ns  2-way valves,  P-306 and P-307. (see F i g u r e  5-2 f o r  a 
p l o t  o f  AP versus f l o w  f o r  t h e  2-way va lves  and those  used i n  t h e  t e s t , )  A t  a 
f 1 ow o f  200 1 i ters /mi  n  ( STPD), t h e  t o t a l  p ressure  drop measu red  2 i n. H 2 0  F i  g- 
u r e  5-3 i s  a  photograph showing t h e  s u b j e c t  w a l k i n g  on a  t r e a d m i l l  w i t h  t h e  
counterweighted b r e a t h i n g  v a l v e  a t  standby. 
Immediate ly  p r i o r  t o  t h e  measurement o f  a da ta  p o i n t ,  t h e  s u b j e c t  f i t t e d  
t h e  mouthpiece i n t o  h i s  mouth and p l aced  a  n o s e c l i p  over  t h e  b r i d g e  a f  h i s  nose, 
The we igh t  o f  t h e  b i f u r c a t e d  mouthpiece and hose assembly was balanced by  a 
p u l l e y  and counterweight .  The v e r t i c a l  movement p rov i ded  by t h i s  system en- 
ab led  t h e  s u b j e c t  t o  h o l d  t h e  mouthpiece comfo r t ab l y  w h i l e  he walked, 
E x p i r a t o r y  volumes were measured by a  Franz-Muel ler  resp i romete r  t h a t  was 
connected t o  t h e  o u t l e t  o f  t h e  two-way mouthpiece. The resp i romete r  had been 
m o d i f i e d  w i t h  e l e c t r o n i c  sensors t o  p r o v i d e  s i g n a l s  f o r  t h e  r eco rd i ng  o f  ex- 
p i r e d  volume and b r e a t h  r a te .  F i g u r e  5-4 shows t h e  resp i romete r  w i t h  t h e  
e l ec t r omagne t i c  sensor t h a t  d i g i t i z e d  e x p i r e d  volume i n t o  pulses/min.  The 
e x p i r e d  a i r  was vented t o  t h e  atmosphere. 
I nsp  i r ed  and exp i  red  a i  r samples were pumped th rough  a  Beckrnan LB-I i n -  
f r a r e d  carbon d i o x i d e  sensor and a  Beckman F-3 paramagnet ic oxygen sensor a n d  
then  vented t o  t h e  atmosphere. I n s p i r e d  gas samples were taken d i r e c t l y  Froin 
t h e  i n l e t  area o f  t h e  mouthpiece. The e x p i r e d  b rea th  sample was taken f r om t h e  
sampl ing p o r t  o f  t h e  resp i rometer .  A s e l e c t o r  v a l v e  and e l e c t r i c a l  t i m i n g  
c i r c u i t  c o n t r o l l e d  t h e  sampl ing sequence o f  t h e  i n s p i r e d  and e x p i r e d  gas sam- 
p les .  Wi th  t h i s  c o n t r o l  c i r c u i t , a  s i n g l e  s e t  o f  oxygen and carbon d i o x i d e  
sensors was used t o  mon i t o r  bo th  t h e  i n s p i r e d  and e x p i r e d  gas. S ince t h e  
ins tantaneous va lues o f  V and V C O  a r e  f u n c t i o n s  o f  t h e  d i f f e r e n c e s  between 
O 2  2  
, F , respec t i ve l y ,  t h e  use o f  one sensor t o  moni tor  
C02 Eco2 
each parameter avo ids  the  h i g h  e r r o r s  t h a t  c o u l d  a r i s e  i f  two sensors d r i f t e d  
i n  oppos i t e  d i r e c t i o n s .  S ta ted  ano ther  way: the  e r r o r  t h a t  a r i s e s  f rom the 
s u b t r a c t  i o n  o f  two abso lu te  measurements recorded by two separate  sensors is  
g r e a t e r  than t he  e r r o r  t h a t  a r i s e s  from the  s u b t r a c t i o n  o f  two measurements 






















































































































































































FLOW, LLTEWS/MIN (STPD) 
F igure  5-2. Pressure Drop o f  Resp i ra tory  Valve System 
F i g u r e  5-3. Sub jec t  Walk ing on Treadmi 1 l 
5 -5 





The substitution f o r  V in the V o  equation yields I 2 
In any given example of i nspi red and expi red gas (dry), respectively: 
and 
After solving for F and FE I 
*2 2. 
and 
The r a t i o  o f  F /FI can be s u b s t i t u t e d  i n t o  t h e  equa t i on  f o r  V o  to 
E ~ 2  N2 2 
g ive:  
S ince  i t  i s  customary t o  r e p o r t  V i n  STPD, vE  (which was measured a t  ATP) 
must be co r rec ted :  2  
b. Carbon d i o x i d e  p r o d u c t i o n  r a t e  
BY 
dent i ca 
c. M inu te  volume 
Minu te  volume i s  de f i ned  as V a t  BTPS. Thus V ~ ( A T P )  c o r r e c t e d  f o r  tern- E 
p e r a t u r e  and p ressure  y i e l d s :  
The parameters P E, PE , and T  a r e  the  t o t a l  pressure,  the  vapor pressure ,  E 
H2° 
and the  temperature of  the  expi red gas. 
e .  Metabolic r a t e  
Simply, 
metabol i c  r a t e  = CV,, 
2 
where C equals  t he  energy equ iva l en t  a t  a  given VCO /Yo r a t i o .  
2 2 
SECTION 6  
TEST PROCEDURE 
DAILY TEST PROTOCOL 
The s u b j e c t ( s )  and t e s t  crew a r r i v e d  a t  t h e  t e s t  f a c i  1 i t y  a t  the beg inn ing  
o f  t h e  work day, genera l  l y  8:00 a.m. A f t e r  a  s u b j e c t  completed a  dai  l y 
q u e s t i o n n a i r e  designed t o  d i s c l o s e  h i s  n u t r i t i o n a l ,  phys ica l ,  and emot ional  
and r e s t  s t a t u s  (see F igu re  6 - 1 ) )  he was ins t rumented  f o r  EKG and r e c t a l  
temperature and weighed unc lo thed  (excep t  f o r  underpants and undershi  r t )  t o  
an accuracy o f  110 gm. H is  b i o i n s t r u m e n t a t i o n  was checked f o r  c o n t i n u i t y ,  
and he then donned h i s  w h i t e  c o v e r a l l s  ( app rox ima te l y  I c l o ) .  Subsequent 
h o u r l y  weigh ings were made w i t h  t h e  c o v e r a l l  garment removed. T h i s  ensured 
t h a t  succeeding we igh ts  were comparable w i t h  the  one ob ta i ned  i n  t he  morning, 
Dur ing  t h e  p r e p a r a t i o n  o f  t h e  sub jec ts ,  the t e s t  personnel  c a l i b r a t e d  and 
checked t h e  i n s t r u m e n t a t i o n  and apparatus t o  ensure i t s  readiness. A f t e r  a l l  
c i r c u i t s  had  bee^ checked, t he  s u b j e c t  stepped upon t h e  t r e a d m i l l  p l a t f o r m .  
When t h e  t e s t  conductor  was s a t i s f i e d  t h a t  t he  sub jec t ,  t e s t  personnel ,  
and i ns t r umen ta t i on  were ready, he s i gna led  the s t a r t  o f  the  t e s t .  Data 
m o n i t o r i n g  began a t  t h i s  t ime. Data were recorded t h e  l a s t  5  min o f  each 
consecu t i ve  15-min i n t e r v a l  throughout  t he  t e s t .  Traces o f  oxygen and carbon 
d i o x i d e  consumption, showing the  r e l a t i o n s h i p  between t he  a t ta inment  o f  s t e a d y -  
s t a t e  oxygen and carbon d i o x i d e  readings and t h e  4-min da ta  sampl ing sequence 
a re  presented i n  F i gu re  5-5. F i gu re  6-2 shows t he  h o u r l y  t i m i n g  o f  t he  
scheduled r e s t  and data p e r i o d s  f o r  a  t y p i c a l  t e s t .  Dur ing  these schedulet i  
r e s t  pe r i ods  t h e  s u b j e c t  was weighed and a l l owed  t o  imbibe wate r  ( a s  d e l i n e a t e d  
f o r  t h e  g i ven  t e s t ) ,  and t o  u r i n a t e  ( s u b j e c t s  were n o t  r e s t r i c t e d  f rom 
u r i n a t i n g  a t  o t h e r  t imes) .  The consumption o f  f ood  was n o t  pe rm i t t ed ,  
Dependent upon t h e  c o n d i t i o n s  o f  t he  sub jec t ,  each t e s t  was con t inued  u n t i l  
complet ion.  A f t e r  t h e  s u b j e c t  had completed h i s  day 's  t e s t i n g ,  he re tu rned  
t o  the  p r e p a r a t i o n  room and recorded h i s  s u b j e c t i v e  comments. 
REJECTION CRITERION FOR CESSATION OF TESTING 
A  g i ven  t e s t  was t o  be t e rm ina ted  i f  any s u b j e c t  i ssued  a  v o l u n t a r y  
request, i f  h i s  h e a r t  r a t e  exceeded 180 beats/min f o r  a  5-min i n t e r v a l ,  o r  I f  
h i s  r e c t a l  temperature exceeded 1 0 2 ' ~ .  Both the ana log  o f  h e a r t  r a t e  and the 
d i  r e c t  EKG waveform were d i sp l ayed  on a  d i  r e c t - w r i  t i  ng o s c i  1 lograph. 
One s u b j e c t  v o l u n t a r i  l y  q u i t  T e s t  1 a f t e r  5-1/2 h r  and T e s t  4 a f t e r  6 hr .  
A1 1  o t h e r  t e s t s  were completed as scheduled. 
SUBJECT QUESTIONNAIRE 
(TO BE FILLED OUT EACH DAY) 
I .  Name: Nude W t :  He igh t  
2. How d i d  you s l eep  l a s t  n i g h t ?  Soundly:  L i g h t :  F i t f u l l y :  (Check one) 
I f  f i t f u l l y ,  how many t imes d i d  you awaken? t imes. 
3. How many hours  d i  d  you s leep?  h r .  
4. A l though  d i r e c t e d  n o t  t o  imbibe a l coho l ,  d i d  you indulge?-What K i n d s ?  
How many? 
5. What were t h e  b a s i c  components and t ime o f  l a s t  n i g h t ' s  d i nne r  a n d  
today '  s  b r e a k f a s t ?  
Time 
6 .  How do you f e e l  genera 1 1  y? Exce 1 I e n t G o o d - F a i  r-Poor- (check one) 
7. Do you have s i g n i  f i  can t  symptoms t o  r e p o r t ?  
e.g., cold,  aches, pains,  e t c .  
8. Do you t h i n k  you wi  1 1  have any d i f f i c u l t y  i n  comp le t ing  t oday ' s  task? 
9. Personal  remarks ( i f  any) r ega rd i ng  today1 s t e s t :  
F i gu re  6-1. Sub jec t  Ques t ionna i  r e  

SECTION 7  
TEST RESULTS 
METABOLIC RATE 
F igures  7-1 and 7-2 p resen t  the me tabo l i c  r a t e s  as a  f u n c t i o n  o f  t ime 
f o r  a1 1 o f  the  e i g h t  w a l k i n g  t e s t s .  I t  i s  c l e a r  f rom these graphs and froni 
s t a t i s t i c a l  t e s t s  t h a t  no s i g n i f i c a n t  d i f f e r e n c e s  i n  the energy c o s t  o f  
w a l k i n g  3.2 mph f o r  6 t o  8  h r  a re  e v i d e n t  e i t h e r  among t e s t s  o r  f rom hou r - t o -  
hour  d u r i n g  the  t e s t s .  A t  the end o f  the f i r s t  45 min o f  walk ing, the mean 
metabol i c  r a t e  f o r  the  8  t e s t s  was 527 Btu/hr/m2. The maximum d e v i a t i o n  f ram 
t h i s  r a t e  was no g r e a t e r  than i16 ~ t u / h r / m 2  f o r  any t e s t .  A f t e r  5  hr,  45 min, 
' 
the mean va lue  f o r  a1 1 t e s t s  was 528 Btu/hr/m2, and s t i  1 1  t he  extreme va lues 
were n o t  more than F16 Btu/hr/m2. A l though  the mean va lues  a t  3 hr,  45 min 
and a t  7  hr,  45 min (517 and 542 Btu/hr/m2, r e s p e c t i v e l y )  a re  n o t  s i g n i f i -  
c a n t l y  d i f f e r e n t  f rom the 45 min  and the  5  hr,  45 min values, a  c u r v i l i n e a r  
t r e n d  i s  e v i d e n t  i n  every  t e s t .  Tes t  I shows t h i s  tendency t o  the g r e a t e s t  
degree. The means o f  the  da ta  about the 45-min, the 3-hr, 45-min, and the 
7-hr, 45-min da ta  p o i n t s  a re  approx imate ly  512, 514, and 585 Btu/hr/rn2, 
r e s p e c t i v e l y .  The change i n  metabol  i c  r a t e  across the  d u r a t i o n  o f  t h i s  t e s t  
v a r i e d  f rom a  decrease o f  I percen t  t o  an increase o f  as much as 22 percent ,  
w i t h  an average increase o f  14 percen t .  
I n  general, then, the da ta  suppor t  the conc lus i on  t h a t  the energy c o s t  
o f  w a l k i n g  con t i nuous l y  a t  3.2 rnph, w i t h  b r i e f  5- t o  10-min/hr r e s t  per iods,  
decT ined by approx imate ly  2  pe rcen t  a t  the  m i d p o i n t  o f  the  t e s t  ( 4  h r )  and 
then increased by approx imate ly  3 pe rcen t  a t  the conc lus i on  o f  t he  8 -h r  t e s t  
( bo th  percentage va lues  be ing  r e l a t i v e  t o  the  i n i t i a l  va l ue ) .  These changes 
a re  no t  s t a t i s t i c a l l y  s i g n i f i c a n t  b u t  a re  s t r i k i n g  i n  t h e i r  cons is tency .  
I t  i s  c l e a r  f rom the  da ta  t h a t  no s i g n i f i c a n t  d i f f e r e n c e s  i n  the e n e r ~ e t i c  
c o s t  o f  w a l k i n g  3.2 mph f o r  6 t o  8  h r  a re  ev iden t ,  e i t h e r  among t e s t s  o r  f rom 
hour- to-hour .  There is, however, a t r e n d  t h a t  appears r e l a t e d  t o  the d i s t ance  
walked. Consider t h a t  the 8 h r  o f  cont inuous w a l k i n g  and t he  8 h r  o f  wa l k i ng  
w i t h  5  m in  o f  r e s t / h r  bo th  r e s u l t  i n  more mi les /8  h r  than f o r  t e s t s  w i t h  8 b r  
o f  w a l k i n g  w i t h  10 min  o f  r e s t  pe r  hour.  These t e s t s  a re  a1 1 compared a t  
e q u i v a l e n t  hours-wal ked. The mean energy va lues  shown i n  Table  7-1 r e s u l t ,  
The da ta  o f  Table 7-1 show t h a t  a f t e r  approx imate ly  3 t o  4  h r  o f  wa l k i ng  
d u r i n g  each t es t ,  the metabol i c  r a tes  dec l  ined by  approx imate ly  3  percen t ,  
A t  the conc lus i on  o f  the t es t s ,  however, the  metabol i c  r a t e s  f o r  the  t e s t s  
were d i f f e r e n t .  Whereas the metabol i c  r a t e s  f o r  Tests  3 through 8  r e tu rned  
t o  the  i n i t i a l  va lues a t  the  end o f  the t es t s ,  the r a t e  f o r  Tes t  I was 5 pe r -  
c e n t  g r e a t e r  than the i n i t i a l  value, and the  r a t e  f o r  Tes t  2 was 3 pe rcen t  
g r e a t e r  than the i n i t i a l  va lue .  
T I M E  SCALE, HR S - D O S ~ - 7  
F i g u r e  7 - 1 .  Mean N o r m a l i z e d  M e t a b o l i c  R a t e s  Ve rsus  T e s t  T ime,  
T e s t s  I t h r o u g h  4 
TIME SCALE, HR 5-06531 
F i g u r e  7 - 2 .  Mean Normal i r e d  M e t a b o l  i c  R a t e s  Ve rsus  T e s t  T i m e ,  
T e s t s  5 t h r o u g h  8 
TABLE 7- 1 
METABOLIC RATES AT EQUIVALENT DURATIONS OF WALKING 
Time o f  Observat ion 
Mean Energy Value Dur ing  I n c l u s i v e  I n t e r v a l ,  
A t  t h e  end o f  8  h r  o f  cont inuous w a l k i n g  a t  3.2  mph, however, t he  mean 
i nc rease  i n  t h e  e n e r g e t i c  c o s t  exper ienced by t h e  s u b j e c t s  was 14 percen t  
( r e l a t i v e  t o  t h e  i n i t i a l  va lue)  and the  range was f rom a  I pe rcen t  decrease 
t o  a  22 pe rcen t  increase.  
I n  general ,  the  da ta  f o r  t h e  e n e r g e t i c  c o s t  o f  w a l k i n g  3.2 mph f o r  a 
d u r a t i o n  o f  6 t o  8  h r  show t h a t  a f t e r  t he  f i r s t  3 t o  4 h r  t h e  me tabo l i c  r a t e  
d e c l i n e d  by a  few percent,  and by  t h e  end o f  t he  wa lk  t he  me tabo l i c  r a t e  had 
a t t a i n e d  t h e  s t a r t i n g  va l ue  ( i n  t h e  case o f  Tes ts  3 th rough  8) and had 
exceeded t h e  s t a r t i n g  va l ue  by  a  few pe rcen t  i n  t he  case o f  Tes ts  I and 2 ,  
These changes, however, a r e  n o t  s t a t i s t i c a l  l y  s i g n i f i c a n t .  Appendix C 
i n c l udes  mean m e t a b o l i c  r a t e s  by  t e s t  and s u b j e c t  f o r  these exper iments,  
HEART RATE 
The data f o r  h e a r t  r a t e  a r e  p resen ted  i n  F i gu re  7 - 3  and Appendix D. 
The data f o r  h e a r t  r a t e  c l o s e l y  p a r a l l e l  those f o r  me tabo l i c  ra te .  
Aga in  t h e r e  a r e  no s i g n i f i c a n t  d i f f e r e n c e s  w i t h  regard  e i t h e r  t o  t e s t  dura t ion  
o r  t e s t  des ign.  There are, however, d i s c e r n i b l e  t rends .  The c o n s t r u c t i o n  o f  
a  t a b l e  o f  e q u i v a l e n t  du ra t i ons  o f  wa l k i ng   a able 7-2)  shows t h a t  t he re  is  a 
s l  i g h t  l owe r i ng  o f  h e a r t  r a t e  a t  the  m i d p o i n t  o f  the t es t ,  and t h e r e a f t e r  
h e a r t  r a t e  increases t o  a  va l ue  2 percen t  g r e a t e r  than the s t a r t i n g  values  
f o r  Tests  3 through 8, 9 pe rcen t  g r e a t e r  f o r  Tes t  I, and 7 percen t  g r e a t e r  
f o r  Tes t  2. These f i g u r e s  a re  i n  qua1 i t a t i v e  agreement w i t h  da ta  f o r  
metabol i c  r a te .  The most marked obse rva t i on  on h e a r t  r a t e  i s  the  l a c k  o f  










HEART RATES AT EQUIVALENT DURATIONS OF WALKING 
Mean Hea r t  Rate Dur i  L 
T e s t  3 Through 8 
Time o f  Observa t ion  10 m in /h r  Rest 
RECTAL TEMPERATURE 
I n  general ,  i t  wi 1 1  be observed f rom F igu re  7-4 and t h e  data o f  
Appendix E  t h a t  t h e  s t a r t i n g  temperature was approximate1 y  37 .2 '~ ,  wh i le  the 
temperature a t  t h e  end o f  8 h r  o f  w a l k i n g  was approx imate ly  37 .4 ' ~ .  Thus, 
under t h e  ambient c o n d i t i o n s  o f  these t e s t s ( a i  r temperature o f  approx imate ly  
~ o ' c ,  w ind  v e l o c i t y  o f  l e s s  than  0.5 mph, and c l o t h i n g  equal t o  approx imate ly  
I c lo ) ,  t h e  sub jec t s  were i n  r e l a t i v e l y  s t a b l e  thermal equi  1 ib r ium.  There 
i s  a  c o n s i s t e n t  t r e n d  observab le  t h a t  shows a  s l  i g h t  amount o f  hea t  s to rage  
f o r  a l l  t es t s ,  p a r t i c u l a r l y  d u r i n g  t h e  l a s t  2  h r  o f  t e s t i n g .  
MINUTE VOLUME 
Values f o r  m inu te  volume i n  re fe rence  l i t e r a t u r e  i n d i c a t e  tha t ,  a t  the 
expected work loads, the  a n t i c i p a t e d  f i g u r e  would be approx imate ly  20 l i t e r s /  
min.  The t e s t  da ta  presented i n  F i gu re  7-5 and Table 7-3 c o n f i r m  t h i s  
expec ta t  ion.  
T h i s  parameter, 1 i ke metabol i c  r a t e  and h e a r t  ra te ,  d i d  n o t  change 
s i g n i f i c a n t l y  ove r  t he  d u r a t i o n  o f  t e s t i n g  o r  w i t h  t e s t  design. The trend, 
however, i s  q u a l i t a t i v e l y  s i m i l a r  t o  those repo r t ed  f o r  me tabo l i c  r a t e  a n d  
h e a r t  ra te .  W i t h  the  data normal i zed f o r  e q u i v a l e n t  d e v i a t i o n s  o f  wa lk ing ,  
each t e s t  group shows a  s l i g h t  d e c l i n e  i n  m inu te  volume a t  approx imate ly  t he  
m i d p o i n t  o f  t h e  t e s t ,  w i t h  a  recovery  t o  the  i n i t i a l  va l ue  o r  a  s l i g h t  i nc rease  
by t h e  end o f  t h e  t e s t  pe r i od .  

TABLE 7-3 
M I  NUT€ VOLUME AT EQUIVALENT DURATIONS OF WALK1 NG 
Time o f  Tests  3 through 8  
Obse r v a t  i o n  10 min /h r  Rest 5  min/hr  Rest 
RESPIRATORY QUOTIENT 
Both oxygen and carbon d i o x i d e  p r o d u c t i o n  were c a l c u l a t e d  f o r  each da ta  
p o i n t  recorded d u r i n g  t h i s  t e s t  program. The r e s p i r a t o r y  q u o t i e n t  (RQ) 
values a re  r epo r t ed  i n  Appendix 6 .  Mean RQ va lues a re  p l o t t e d  i n  F i gu re  7-6. 
F i g u r e  7-7 p resen ts  p l o t s  o f  oxygen consumption, r esp l i r a t o r y  quo t i en t ,  and 
me tabo l i c  r a t e  f o r  Tes t  6 f o r  d i r e c t  comparison. Table  7-4 p resen ts  a t abu la -  
t i o n  o f  the oxygen consumption f o r  t h i s  t e s t .  
The t e s t  da ta  show t h a t  the RQ dec l i nes  s t e a d i l y  from a  va lue  o f  
approx imate ly  0.930 a t  the  s t a r t  o f  the  t e s t  t o  a va l ue  o f  approx imate ly  
0.815 a f t e r  3 hr, I 5  min o f  t e s t i n g .  Therea f te r ,  the  va lue  i s  r e l a t i v e l y  
cons tan t  f o r  the d u r a t i o n  o f  the t e s t .  
I f  the e a r l y  RQ va lues  do n o t  represen t  a  t r u e  s teady s t a t e  w i t h  regard 
t o  the  o x i d a t i o n  o f  energy s to res ,  the  i n i t i a l  va lues  f o r  m e t a b o l i c  r a t e  wii l 
be g r e a t e r  than the  t r u e  va lues .  A t  most, however, the e r r o r  would be less  
than 3 pe rcen t  ( t h e  energy pe r  l i t e r  o f  oxygen a t  an RQ o f  0.930 compared 
w i t h  the energy p e r  l i t e r  o f  oxygen a t  an RQ o f  0.815). 
I t  i s  e v i d e n t  f rom F igu re  7-7 t h a t  the me tabo l i c  r a t e  dec l i nes  s l i g h t l y  
f o r  the f i r s t  4 h r  o f  t es t i ng ,  a f t e r  which i t  begins t o  increase.  The t r e n d  
i s  s i m i l a r  t o  t h a t  observed f o r  a l l  sub jec t s .  The oxygen consumption da ta  
d i s p l a y  the same t rend .  The t r e n d  toward a  r i s i n g  me tabo l i c  r a t e  d u r i n g  
the l a s t  4 h r  o f  the t e s t  i s  v a l i d ,  b u t  i s  no t  s t a t i s t i c a l l y  s i g n i f i c a n t  
because the oxygen consumpt ion  r a t e  i s  r i s i n g  i n  the presence o f  a  cons tan t  




F i g u r e  7-7. Metabol i c  Rate, R e s p i r a t o r y  Quotient, and 0 C o n s u m p t i o n  2 
T A B L E  7-4 
OXYGEN CONSUMPTION, T E S T  6 (SUBJECT 10) 
WATER BALANCE 
Sub jec ts  were p e r i o d i c a l  l y  mon i to red  d u r i n g  each t e s t  f o r  weight  loss, 
wa te r  intake, and u r i n e  p roduc t i on .  Since we igh t  loss  r e f l e c t s  water  in take,  
u r i n e  p roduc t ion ,  p e r s p i r a t i o n ,  and ca tabo l  ism, a  s imp le  express ion  was used 
t o  balance these v a r i a b l e s :  
P C = A W + U - I  
where PC = we igh t  loss  due t o  p e r s p i r a t i o n  + catabol ism, gm 
AW = gross we igh t  change, gm 
U  = u r i n e  output ,  gm 
I = wate r  intake, gm 
As l ong  as the v a r i a b l e s  on t he  r i gh t - hand  s i d e  o f  t h i s  equa t i on  a re  
independent o f  each o ther ,  the va lues  f o r  PC as w e l l  as those f o r  U and I 
can be d i r e c t l y  compared f o r  d i f f e r e n t  t e s t  c o n d i t i o n s .  Table 7-5 r e p o r t s  
the va lues o f  PC, U, and I. 
I f  the s u b j e c t s  had f u l l y  compensated f o r  t h e i r  we igh t  l oss  by d r i n k i n g  
water, the  va lues  o f  wa te r  i n t ake  (column 3, ~ a b l e 7 - 6 )  would equal  those i n  
Column 2 ( p e r s p i r a t i o n  + ca tabo l i sm) .  The da ta  show t h a t  o n l y  approx imate ly  
one-ha l f  the we igh t  loss  was compensated f o r  by the  i n t a k e  o f  water .  
Table  7-6 p resen ts  t h i s  da ta  i n  a  form t h a t  i s  c o r r e c t e d  f o r  d u r a t i o n  o f  
wa l k i ng  t o  make the va lues d i r e c t l y  comparable. The da ta  f rom t h i s  t a b l e  
aga in  suppor t  the conc lus i on  t h a t  Tests  I and 2 were q u a l i t a t i v e l y  more 
s t r e s s f u l  than  Tests 3  through 8. The d i f f e r e n c e s  a re  n o t  s t a t i s t i c a l l y  
s i g n i - f i c a n t ,  b u t  t he  t r end  i s  c o n s i s t e n t .  Table7-7 p resen ts  the means of  
the  da ta  f o r  Tests  3  through 8  and the  va lues  o f  Tests  I and 2. 
I t  can be seen f rom Tables 7-6 and 7-7 t h a t  once the da ta  i s  nortnal ized 
f o r  a c t u a l  t ime spent  walk ing, t he re  i s  ve r y  l i t t l e  d i f f e r e n c e  i n  the  water  
ba lance parameters f o r  the  v a r i o u s  t e s t  c o n d i t i o n s .  Two poss i b l e  except  ions 
a re  ev iden t ,  the u r i n e  p r o d u c t i o n  f o r  Tes t  8  (8  h r  o f  exerc ise ,  10 rnin/hr 
res t ,  f o l  l ow ing  no s leep)  and the  wate r  consumption o f  Tes t  1 (8  h r  o f  
w a l k i n g  nonstop) .  
S u b s t a n t i a l  l y  more u r i n e  was produced i n  Tes t  8  than was produced under 
the o t h e r  t e s t  cond i t i ons ,  w h i l e  i n  Test  I, s u b s t a n t i a l l y  more wate r  was 
consumed than was consumed d u r i n g  any o t h e r  t e s t  c o n d i t i o n .  A l though  n e i t h e r  
o f  these obse rva t i ons  i s  s t a t i s t i c a l l y  s i g n i f i c a n t ,  i t  i s  r e l e v a n t  t o  observe 
t h a t  they occur  under the  two most s t r e s s f u l  c o n d i t i o n s .  
Table  7-8 p resen ts  t o t a l  we igh t  change f o r  each t e s t .  Th i s  we igh t  change 
was eva lua ted  u s i n g  the water  balance equa t ion .  
TABLE 7-5 
WATER BALANCE DATA 
Average Va 1 ues 
Water in take,  gm = 600 21 8 8  
- -- 
U r i n e  output ,  gm = 366 2125 
4eWeight l o s s  f r o m  p e r s p i r a t i o n  + ca tabo l i sm = change i n  gross w e i g h t  
+ u r i n e  o u t p u t  - w a t e r  in takee,  
TABLE  7-6 
WATER BALANCE CORRECTED FOR WALKING DURATION 
Persp i r a t  ion + 
+tCo r rected va 1 ue 
TABLE 7-7 
MEAN 8-HR WATER BALANCE VALUES, 
CORRECTED FOR WALKING DURATION 
Persp i r a t  i on  + 
TABLE 7-8  





















SECTION 8  
DISCUSSION AND CONCLUSIONS 
DISCUSSION 
A1 l sub jec t s  were i n  agreement concern ing  the  degree o f  s e v e r i t y  o f  the  
t e s t .  As ide f rom occas iona l  j o i n t  and f o o t  pains,  w a l k i n g  a t  3 . 2  mph f o r  8 h r  
was no t  cons idered  t o  be seve re l y  f a t i g u e i n g .  This i s  no t  t o  say t h a t  the 
sub jec t s  were no t  t i r e d ;  they were, b u t  they a l l  desc r ibed  the  walks as no t  
d i f f i c u l t .  
D i f f i c u l t y  i n  maintenance of i n t e r e s t  was the  most common s u b j e c t  of com- ' 
ment. To combat t he  monotony o f  t he  long  walks, a  t e l e v i s i o n  s e t  was p laced 
f o r  easy v i ew ing  by the  sub jec t s ,  and they were encouraged t o  b r i n g  s e l e c t e d  
read ing  m a t e r i a l .  These two techniques appeared t o  moderate the  monotony o f  
the  long walks.  Apparen t l y  the  6 -h r  mark was the  c r i t i c a l  one. Once the  
sub jec t s  had passed t h a t  t ime  mark .they were c o n f i d e n t  o f  t h e i r  a b i l i t y  t o  
complete the  t e s t s  . 
Sub jec t i ve l y ,  t he  most d i f f i c u l t  t e s t  t o  complete was Test 8, the one 
f o l l o w i n g  t he  n i g h t  o f  no s leep .  Subjects  had d i f f i c u l t y  i n  remain ing awake 
d u r i n g  t he  r e s t  and we igh ing  per iods  f o r  t h i s  t e s t .  
Perhaps t he  most s i g n i f i c a n t  a n c i l l a r y  f i n d i n g  t o  come o f  t h i s  s tudy  i s  
the  un i  fo rm i  t y  o f  the  behav io r  o f  the  R Q  parameter.  
Each parameter i n  these t e s t s  was measured a  t o t a l  o f  approx imate ly  10,000 
t imes ;  even when loss o f  data due t o  measurement f a i l u r e  (14 percen t )  and e x -  
cess i ve  measurement e r r o r  (2 pe rcen t )  i s  considered, some 85 datum p o i n t s  
remain. The cons is tency  o f  the  R Q  parameter f rom s u b j e c t  t o  s u b j e c t  and from 
t e s t  t o  t e s t  i s  s t r i k i n g .  
A rev iew o f  t he  li te ra tu re - -As t rand  and Rodahl ( ~ e f .  1 ) ;  Chr is tensen  and 
Hansen, ( ~ e f .  2) ;  F a l l s  ( ~ e f .  3 ) ;  and R i cc i ,  ( ~ e f .  4 ) - - i nd i ca tes  t h a t  u n t i l  
t he  Ga r re t t /A i  Research t e s t s  had been performed, no measurements o f  R Q  had 
been recorded over  such an extended l eng th  o f  t ime.  The s t u d i e s  o f  Chr i s tensen  
and Hansen ( a n a l y t i c a l l y  d iscussed i n  As t rand  and ~ o d a h l )  were no t  c a r r i e d  
pas t  4  h r  (because the  sub jec t s  were exhausted);  t h e i r  da ta  show c l e a r l y  t h a t  
R Q  dec l i nes  smoothly and l i n e a r l y  over  t he  f i r s t  3  t o  4  h r  o f  work.  For the 
same p e r i o d  ( f i r s t  3 t o  4  h r  o f  exerc ise ) ,  t he  data f rom the  Garret t /A iResearch 
t e s t  a re  i d e n t i c a l .  What Chr i s tensen  and Hansen c o u l d  no t  show (because t h e i r  
sub jec t s  worked t o  exhaus t ion )  was t h a t  once t he  R Q  reaches a  va l ue  o f  f r o m  
0.82 t o  0.86 i t  remains cons tan t  f o r  a t  l e a s t  8  h r .  Th is  i s  t rue,  apparen t l y ,  
o n l y  as long  as the  sub jec t s  e a t  a  ba lanced o r  h i g h  carbohydra te  d i e t  ( the  
ques t ionna i  res f i 1 l e d  o u t  by each s u b j e c t  p r i o r  t o  each t e s t  r e f l e c t  a  normal 
mixed d i e t ,  as would  be expected) .  The h i g h  (approx imate ly  0.93) i n i t i a l  
va l ue  f o r  R Q  i n d i c a t e s  t h a t  the  s u b j e c t ' s  d i e t  con ta i ned  a  h i ghe r  percentage 
o f  carbohydrates than t he  d i e t s  o f  the  sub jec t s  i n  the  s tudy  by Chr i s tensen  
and Hansen who a l s o  a t e  a  ba lanced o r  h igh-carbohydra te  d i e t .  When t he  sub- 
j e c t s  i n  t he  Chr i s tensen  and Hansen s tudy  a t e  a  h i g h - f a t  d i e t ,  t h e i r  R Q  remained 
between 0.7 and 0.8 u n t i  1 t he  t ime  of exhaus t ion  (never more than 90 m i n ) .  The 
e x p l a n a t i o n  o f  t h i s  (Astrand and ~ a d a h l )  has t o  do w i t h  t he  a b i l i t y  o f  the  F i ve r  
t o  m a i n t a i n  adequate l e v e l s  o f  b l ood  sugar and, consequent ly,  muscle glycogen 
l e v e l s .  
I t  i s  p o s s i b l e  t o  i n f e r  f rom the  G a r r e t t / A i  Research t e s t  da ta  somethi ng  
about the  l e v e l  o f  p h y s i o l o g i c a l  f a t i g u e  exper ienced by t he  s u b j e c t s .  These 
data, and the  d iscuss ions  presented i n  As t rand  and Rodahl, suppor t  the  t e n t a -  
t i v e  conc lus i on  presented i n  the  f o l l o w i n g  sentence from As t rand  and Rodahi: 
". . . assumi ng a  glycogen c o n c e n t r a t i o n  o f  1 .5  t o  2.0 percent  
( i n  terms o f  g lycogen/g wet muscle) a t  the  beg inn ing  o f  exerc ise ,  
the  glycogen u t i l i z a t i o n  a t  a  work l e v e l  o f  25 t o  30 percent  o f  
t he  i n d i v i d u a l ' s  maximum aerob ic  power would be s u f f i c i e n t  t o  
a l l o w  him t o  con t i nue  f o r  8 t o  10 hours be fo re  d e p l e t i o n  o f  t he  
glycogen depos i t s  . " 
CONCLUSIONS 
The e n e r g e t i c  c o s t  o f  wa l k i ng  a t  3 . 2mph  f o r  up t o  8  h r  does no t  signifi- 
c a n t l y  inc rease  o r  decrease throughout  t he  d u r a t i o n  o f  t he  wa l k :  a t  the  end 
o f  8  h r  o f  cont inuous wa l k i ng  a t  3.2 rnph w i t h  no r e s t  per iods,  the  mean inc rease  
i n  t he  e n e r g e t i c  c o s t  exper ienced by t he  sub jec t s  was 14 percen t  ( r e l a t i v e  t o  
the  i n i t i a l  va lue)  and the  range was f rom a  I pe rcen t  decrease t o  a  2 2  percen t  
I ncrease. 
The da ta  f o r  h e a r t  r a t e  c l o s e l y  p a r a l l e l  those f o r  me tabo l i c  r a t e ,  There 
a r e  no s i g n i f i c a n t  d i f f e r e n c e s  w i t h  regard  t o  e i t h e r  t e s t  d u r a t i o n  o r  t e s t  
des i gn. 
The r e s p i r a t i o n  q u o t i e n t  dec l ines  f rom an i n i t i a l  v a l u e  o f  approx imate ly  
0.93 t o  a  v a l u e  o f  0.85 near the  m i d p o i n t  o f  each t e s t .  From the  m idpo in t  o f  
t he  t e s t  t o  the  end o f  t he  t es t ,  the  RQ remains approx imate ly  cons tan t  a t  0,84. 
P h y s i o l o g i c a l  es t imates  o f  s u b j e c t i v e  f a t i g u e  a t  me tabo l i c  r a tes  o f  
approx imate ly  1000 B tu /h r  cannot be ob ta i ned  f rom the  parameters measured i n  
t h i s  program. 
I t  can be conc luded t h a t  a  wa l k i ng  speed o f  3.2 mph on a  l e v e l  su r f ace  
does no t  induce exhaust ion,  b u t  t h i s  work load  must be r e l a t i v e l y  c l o s e  t o  
the  l i m i t  f o r  an 8-hr du ra t i on .  
REFERENCES 
I .  Astrand, P. 0 .  and K .  Rodahl, Textbook of Work Phys ioloqy,  McGraw-Hi 1 1 ,  
New York, 1970. 
2 .  Chris tensen,  E .  H .  and 0. Hansen, A r b i e t s f a h i q k e i t  and Ernahrunq, 
Skand. Arch. Physiol ,  1939, 81 : 160-171. 
3. F a l l s ,  H .  B . ,  Exercise  Phvsioloqy, Academic Press ,  New York, 1968. 
4 .  R icc i ,  B., Physioloqical  Basis of Human Performance, Lea and Fe i g e r ,  
Phi!adelphia ,  Penna. 1967. 
A P P E N D I X  A 
TEMPERATURE P R O F I L E S  OF T H E  T E S T  F A C I L I T Y  
APPENDIX A 
TEMPERATURE PROFILES I N  THE TEST FACILITY 
Temperatures were measured f o r  t h e  t e s t  f a c i l i t y  us i ng  thermocouples i n  
c o n t a c t  w i t h  va r i ous  su r faces  and exposed t o  t h e  ambient a i r .  The l o c a t i o n  o f  
each o f  twenty  thermocouples a t tached  t o  t h e  wa l l s ,  f l oo r ,and  c e i l i n g  a r e  
shown i n  t h e  ske tch  i n  F i g u r e  A-I. I n  a d d i t i o n ,  a  thermocouple was l oca ted  
a t  head h e i g h t  d i r e c t l y  over  t r e a d m i l l  No. I .  Readings from t h i s  thermocouple 
a r e  des igna ted  "ambient a  i r thermocouple" on t h e  accompanying p l o t s  o f  t h e  
temperature p r o f i l e s .  Data ob ta i ned  f o r  s i x  days d u r i n g  t he  p e r i o d  f ro in 
Nov. 19 t o  Dec. 15, 1970 a r e  shown i n  F i gu res  A-2 through A-7. Rather  t h a n  
p l o t t i n g  a l l  o f  t h e  temperatures recorded f rom each thermocouple, a  tempera- 
t u r e  envelope ( h i g h  and low readings)  has been p l o t t e d .  Zero-hour co i nc i des  
w i t h  t h e  beg inn ing  o f  a  day 's  p h y s i o l o g i c a l  t e s t i n g .  The temperature o f  t h e  
ambient a i r  i s  a l s o  p l o t t e d  on each graph. 
Note t h a t  t h e  maximum temperature r a r e l y  exceeded 75OF, whi l e  t he  m i  n iinum 
temperature genera l  1 y  was g r e a t e r  than  6 6 ' ~ .  Genera l ly ,  i t  was observed t h a t  
t h e  temperature o f  t h e  w a l l  s  o f  t h e  t e s t  f a c  i 1 i t y  remained between 6 8 9  a n d  
7 3 ' ~ .  Furthermore, t h e  ambient a i r  temperature tended t o  remain approx in ia te ly  
2OF below t h e  lower border  o f  t h e  sur face temperature envelope. 
FOLDOUT VIEW OF THE TEST FACILITY S H O W I N G  
THE THERMOCOUPLE LOCATION 







THERMOCOUPLE IDENTIFICATION A 
WEST 1 ,  2, 3 .::- 
FLOOR 4, 8, 9, 10 
SOUTH 5 9  6 9  7 
NORTH I I, 12, I 3  
EAST 14, 15, 16 
CEILING 17, 18, 19, 20 





























A P P E N D I X  B 
WIND V E L O C I T Y  I N  THE T E S T  F A C I L I T Y  
APPENDIX B 
MIND VELOCITY IN THE TEST FACILITY 
Wind velocity in the test facility was measured at approximately t h e  
height of the subject's shoulders directly over each treadmill using a 
Gellman-Wallac Thermo-Anemometer, Type GGA22/F. These wind velocities, s l ~ o w n  
in the accompanying figure and table, were judged to be negligible and to 
have no effect on the physiological data collected during this test program, 
F A T I G U E  T E S T  
Figure B - I .  W i n d  Velocity Data 
THERMO-ANEMOMETER GELMAN WALLAC YPE 
GGA 2 2 / F  R E G I S T R Y  
NO. 4 5 E O I O  SCALE 
0 T O  15 f p s  
APPENDIX C 
METABOLIC RATES BY TEST AND SUBJECT 
TABLE  C - l  
TEST I. MEAN NORMALIZED METABOLIC RATES 
AND STANDARD D E V I A T I O N S  
TABLE C-2 
TEST 2. MEAN NORMALIZED METABOLIC RATES 
AND STANDARD DEVIAT IONS 
TABLE C-3 
TEST 3. MEAN NORMALIZED METABOLIC RATES 
AND STANDARD DEVIAT IONS 
T A B L E  C-4 
T E S T  4. MEAN NORMALIZED M E T A B O L I C  RATES 
AND STANDARD D E V I A T I O N S  
TABLE 6-5 
TEST 5. MEAN NORMALIZED METABOLIC RATES 
A N D  STANDARD DEVIATIONS 
TABLE G-6 
TEST 6 .  MEP.N NORMALIZED METABOLIC RATES 
AND STANDARD DEVIATIONS 
T A B L E  C - 7  
T E S T  7. MEAN NORMALIZED M E T A B O L I C  RATES 
AND STANDARD D E V I A T I O N S  
T A B L E  C - 8  
T E S T  8. MEAN NORMALIZED M E T A B O L I C  RATES 
AND STANDARD D E V I A T I O N S  
APPENDIX D 
HEART RATES BY TEST AND SUBJECT 
T A B L E  D- I 
T E S T  I .  MEAN NORMALIZED HEART RATE AND STANDARD D E V I A T I O N S  
TABLE 0 - 2  
TEST 2. MEAN NORMALIZED HEART RATE AND STANDARD DEVIAT IONS 
T A B L E  D-3 
T E S T  3 ,  MEAN NORMALIZED HEART RATE AND STANDARD D E V I A T I O N S  
T A B L E  D - 4  
T E S T  4. MEAN NORMALIZED HEART RATE AND STANDARD D E V I A T I O N S  
T A B L E  D - 5  
T E S T  5. MEAN NORMALIZED HEART RATE AND STANDARD D E V I A T I O N S  
TABLE D - 6  
TEST  6. MEAN NORMALIZED HEART RATE AND STANDARD DEVIAT IONS 
T A B L E  D-7 
T E S T  7. MEAN NORMALIZED HEART RATE AND STANDARD D E V I A T I O N S  
TABLE D - 8  
TEST 8. MEAN NORMALIZED HEART RATE AND STANDARD DEVIATIONS 
A P P E N D I X  E  
R E C T A L  T E M P E R A T U R E  BY T E S T  AND S U B J E C T  
TABLE. E- I 
TEST I . MEAN NORMALIZED RECTAL TEMPERATURE AND STANDARD DEVIAT IONS 
T A B L E  E -2  
T E S T  2. MEAN NORMALIZED RECTAL TEMPERATURE AND STANDARD D E V I A T I O N S  
T A B L E  E-3 
T E S T  3. MEAN NORMALIZED RECTAL TEMPERATURE AND STANDARD DEU IATlONS 
TABLE E - 4  
TEST 4. MEAN NORMALIZED RECTAL TEMPERATURE AND STANDARD DEVIATIONS 
T A B L E  E - 5  
T E S T  5 .  MEAN NORMALIZED RECTAL TEMPERATURE AND STANDARD D E V I A T I O N S  
TABLE E - 6  
TEST  6. MEAN NORMALIZED RECTAL TEMPERATURE AND STANDARD DEVIAT IONS 
T A B L E  E - 7  
T E S T  7. MEAN N O R M A L I Z E D  R E C T A L  T E M P E R A T U R E  AND S T A N D A R D  D E V I A T I O N S  
T A B L E  E-8 
T E S T  8. MEAN NORMALIZED RECTAL TEMPERATURE AND STANDARD D E V I A T I O N S  
APPENDIX F 
M I N U T E  VOLUME BY T E S T  AND SUBJECT 
T A B L E  F- I 
T E S T  I .  MEAN NORMALIZED M I N U T E  VOLUME AND STANDARD D E V I A T I O N S  
T A B L E  F -2  
T E S T  2 .  MEAN NORMALIZED M I N U T E  VOLUME AND STANDARD D E V I A T I O N S  
TABLE F-3 
T E S T  3. MEAN NORMALIZED MINUTE VOLUME AND STANDARD D E V I A T I O N S  
T A B L E  F -4  
T E S T  4. MEAN NORMALIZED M I N U T E  VOLUME AND STANDARD D E V I A T I O N S  
TABLE F-5  
TEST 5. MEAN NORMALIZED MINUTE VOLUME AND STANDARD DEVIAT IONS 
TABLE F-6 
TEST 6. MEAN NORMALIZED MINUTE VOLUME AND STANDARD DEVIAT IONS 
T A B L E  F-7  
T E S T  7. MEAN NORMALIZED M I N U T E  VOLUME AND STANDARD D E V I A T I O N S  
T A B L E  F - 8  
T E S T  8. MEAN NORMALIZED M I N U T E  VOLUME AND STANDARD D E V I A T I O N S  




BY TEST AND SUBJECT 
T A B L E  6-1 
T E S T  I .  MEAN NORMALIZED RESPIRATORY Q U O T I E N T  AND STANDARD D E V I A T I O N S  
T A B L E  G-2 
T E S T  2 .  MEAN N O R M A L I Z E D  R E S P I R A T O R Y  Q U O T I E N T  AND S T A N D A R D  D E V I A T I O N S  
T A B L E  G-5 
T E S T  3. MEAN NORMALIZED R E S P I R 4 T O R Y  QUOTIENT AND STANDARD D E V I A T I O N S  
TABLE G-4 
TEST  4 .  MEAN NORMALIZED RESPIRATORY QUOTIENT AND STANDARD DEVPATICNS 
T A B L E  G - 5  
T E S T  5. MEAN NORMALIZED RESPIRATORY QUOTIENT AND STANDARD D E V I A T I O N S  
T A B L E  G-6 
T E S T  6. MEAN NORMALIZED RESPIRATORY Q U O T I E N T  AND STANDARD D E V I A T I O N S  
T A B L E  G - 7  
T E S T  7. MEAN NORMALIZED RESPIRATORY Q U O T I E N T  AND STANDARD D E V I A T I O N S  
T A B L E  G - 8  
T E S T  8. MEAN NORMALIZED RESPIRATORY Q U O T I E N T  AND STANDARD D E V I A T I O N S  
